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Abstract 
The concrete deterioration processes of alkali-silica reaction (ASR), delayed ettringite 
formation (DEF) and freeze-thaw cycles all produce distributed damage in the form of 
microcracking which results in loss of strength or stiffness.  Ultrasonic stress waves are the 
basis for nondestructive test methods for measurement of  this type of distributed damage.   
Conventional ultrasonics-based test methods such as impact-echo have characterized the 
damage in terms of changes in the attenuation factor, or pulse velocity, which are obtained by 
processing the signal in the time domain.  However, these are inherently linear dynamics 
method while the development of microcracks gives rise to nonlinear dynamics.  One 
approach to signal processing in the frequency domain calculates the Q-factor.  However, this 
is essentially a linear dynamics method.  Two nonlinear approaches are proposed here.  One 
involves calculating the deviation of the peak from the shape of an ideal Lorentzian function 
model. The other calculates the second order nonlinear harmonic coefficient.  Examples of 
these methods are given using data from laboratory specimens which have been damaged by 
DEF. 
 
Resumé 
Les processus de détérioration du béton, que ce soit par la réaction alcalis-silice (ASR), la 
formation retardée d'ettringite (DEF) ou des cycles répétés gel-dégel, produisent des 
dommages généralisés sous forme de microfissures et induisent par conséquent une perte de 
résistance ou de dureté. Les ondes ultrasoniques de contrainte servent de base aux méthodes 
non destructives de mesure de ce type de dommages généralisés. Les méthodes 
conventionnelles utilisant les ondes ultrasoniques telles que l'impact-écho ont permis de 
caractériser les dommages en terme de changements du facteur d'atténuation, ou de la vitesse 
de propagation, obtenus en traitant le signal dans le domaine du temps. Cependant, ces 
méthodes sont par nature de dynamique linéaire tandis que le développement des 
microfissures donne lieu à un système dynamique non-linéaire. Une approche pour le 
traitement des signaux dans le domaine de fréquence consiste à calculer le facteur-Q. 
Cependant, c'est essentiellement une méthode de dynamique linéaire. Deux approches non-
linéaires sont présentées ici. L’une consiste à calculer la déviation du sommet par rapport à 
un modèle idéal de fonction lorentzienne. L'autre calcule le coefficient harmonique non-
linéaire du second degré.  Des exemples de ces méthodes sont présentés ici, en se basant sur 
des données de spécimens de laboratoire endommagés par DEF. 
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1 Introduction 
 
   The concrete deterioration processes of alkali-silica reaction (ASR), delayed ettringite 
formation (DEF) and freeze-thaw cycles all produce distributed damage in the form of 
microcracking which results in loss of strength or stiffness.  Ultrasonic stress wave 
propagation is the basis for nondestructive test methods for measurement of  this type of 
distributed damage.   Conventional ultrasonics-based test methods such as impact-echo have 
been used to characterize the damage in terms of changes in the attenuation factor or pulse 
velocity, parameters which are obtained by processing the signal in the time domain   
  Since the successive echoes arrive from a reflector at a fixed distance, the process can 
ideally be represented as a decaying standing wave: 
 
  ( ) exp( )cos ut A t t α ω = −  (1) 
where A is amplitude, α is the decay constant, ω is frequency in radians per second and t is 
time.   The method of measuring the attenuation in the form of the decay constant  proposed 
by Kesner et al. [1] is a type of ring-down spectroscopy.   The successive maxima un, un+1,… 
are fitted to a decaying exponential function to obtain the decay constant α. 
  However, this approach has some drawbacks.  It can be difficult to determine the exact 
time of arrival, which introduces uncertainty in the calculated pulse velocity.  For the 
attenuation factor, which is obtained by fitting an  exponential decay function to the 
amplitude maxima or minima of successive echoes, there may not be enough distinct echoes 
to permit a good fit.   This method was tried out in the field during  a survey of  concrete 
bridges in the state of Maryland [2].   It was found to work reasonably well on sound 
concrete.  However, on damaged concrete typically only a few echoes could be identified, 
which was an insufficient number for accurately fitting the exponential decay function.   
Another drawback is that the actual decay curve is a function of other factors including 
geometry that are not accounted for by a simple exponential decay model based on 
attenuation.   
 
2  Frequency Domain Analysis  
 
  The method of Kesner et al. is an example of signal processing in the time domain.  
Signal processing can now be done in the frequency domain because of the availability of 
nondestructive test instruments using digital processing.  For example, as an alternative to the 
decay factor, the Q-factor approach for quantifying distributed damage has been utilized for 
freeze-thaw damage [3].   The SHRP report  on the subject suggested that the quality factor 
might be a better and more rapid indicator of the outcome of freeze-thaw tests than the 
Durability Factor[4]. 
  The Q-factor is defined as the full-width at half maximum (FWHM) of the peak at the 
fundamental or resonant frequency [5]: 
 
21
o Q
ω
ω ω
=
−
 (2) 
 
where ω1 and ω2 are the frequencies on either side of ωo for the points on the curve where  
() 2 o UU ω = , and Uo is the peak height.  In the case of ideal linear dynamics   2 o Q ω α = .  
Thus the Q  factor is the decay constant scaled by the resonant frequency.  Since ωo 
incorporates the specimen geometry, density and elastic modulus, this normalization makes it 
possible to compare damage among different specimens.  Another physical interpretation of NDTCE’09, Non-Destructive Testing in Civil Engineering 
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Q is based on the fact that the period of the resonant frequency, T, equals  2π/ωo and the 
characteristic relaxation time, τ,  of the exponential decay is 1/α.  Hence: 
  Q
T
πτ
=  (3) 
 
This indicates that Q is a measure of how much decay occurs during the time of a single cycle 
of the resonant frequency. 
   McMorris et al. [6] applied the Q-factor approach to characterize distributed damage in 
concrete prisms that had experienced different levels of damage due to delayed ettringite 
formation, DEF.  Preliminary results indicated that the Q-factor for the less-damaged or 
control replicates showed good agreement, but for the more damaged specimens, it gave 
inconsistent results.   As the damage becomes more severe, nonlinear effects develop.  The 
peak in the frequency spectrum then displays a distorted shape  
 
3  Nonlinear Ultrasonics Approaches 
  
 3.1  Lorentzian  Mismatch 
  In order to avoid the shortcomings of the Q-factor approach,  McMorris et al. [6] have 
proposed  signal processing methods in the frequency domain that explicitly quantify the 
nonlinearity.  This is based on the fact that the Fourier transform of Equation 1 is a 
Lorentzian  function defined by : 
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where U(ω) is the Fourier transform of u(t), ωo is the resonant frequency, the peak height Uo 
= U(ωo), and Γ is  the full width at half maximum (FWHM).  As shown in Fig. 1, this 
function has a single peak centered at ωo.  Its shape can be characterized by just two 
parameters: Uo and Γ.   
  It can be shown that Q = ωo/Γ, and this implies that Γ = 2α.  However, this is strictly true 
only in the case where the Fourier-transformed signal is a Lorentzian function.  As discussed 
above, as the distributed damage becomes more severe, the shape of the peak in the 
frequency spectrum departs from the Lorentzian. 
   
Figure 1: Spectrum of impact-response of sound concrete 
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    Since the Lorentzian function represents the Fourier transform of the ideal linear 
dynamics response, one measure of nonlinearity would be the difference between the 
observed spectrum and the Lorentzian function for undamaged concrete.   As shown in Figs. 
2a and b, the damaged concrete peak can be overlaid with the Lorentzian derived from the 
control specimen (Fig. 1) by scaling it vertically to match the peak height observed for the 
damaged specimen.   It can be seen that there is significant difference between the two 
curves.    
   
  3.2 Higher Order Nonlinear Coefficients 
  The other nonlinear approach is derived from  a Taylor expansion in the elastic modulus 
of the standard differential equation for stress wave motion which leads to [7] : 
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where  co is a constant and β2 is known as the second-order nonlinear coefficient.  This 
approach can be extended to yield higher order nonlinear coefficients.   
  The amplitude of the second order harmonic can be related to the fundamental by: 
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where A2 is the amplitude of the second harmonic, A1 is the amplitude of the fundamental 
frequency, k is the wavenumber and x is the propagation distance. Similarly for the third 
harmonic is given by: 
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  In general, the harmonic ratio A2/(A1)
2 is sensitive to micro-structural changes and 
microcracking in the interfacial transition zone while the third harmonic ratio, A3/(A1)
3 is 
more sensitive to micro-cracking. These are not mutually exclusive, however, since both 
deterioration mechanisms contribute to both harmonic ratios. 
 
4  Laboratory Study Example 
 
  In order to investigate these nonlinear approaches, some concrete specimens were cast as 
either rectangular prisms or cylinders.  The prisms prepared were 7.62 cm wide by 7.62 cm 
high by 29.5 cm long, and the cylinders were 10.16 in diameter and 20.7 cm tall.  The prisms 
were used for expansion tests, weight change measurements and impact-echo testing, while 
the cylinders were used for compressive strength tests.  Two concrete batches were made: 
one was the control batch with normal potassium content(<0.65%).  The other had an 
artificially increased potassium content (~ 2%). Some of the prisms were  subjected to the 
UMD Modified Duggan test, which uses a preliminary set of heating cycles to initiate 
microcracking.  The prisms were then stored in limewater. This procedure has been proven to 
accelerate deterioration in concrete by delayed ettringite formation [8].  The details of the 
specimen preparation and testing are given by Lijeron [9]. 
  The prisms were periodically monitored for changes in resonant frequency in accordance 
with ASTM C 215, which was originally developed for freeze-thaw test specimens. The NDTCE’09, Non-Destructive Testing in Civil Engineering 
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Resonant Frequencies of Concrete Specimens uses a modally tuned impact hammer to excite  
ibrations in the specimen, and an accelerometer attached to the specimen to record the 
 2.  The Lorentizian mismatch is expressed 
 several steps.  The software 
ASTM C 215 Standard Test for Fundamental Transverse, Longitudinal, and Torsional 
 
Figure 2: Plot of Lorentzian mismatch vs freeze-thaw 
cycles for two concrete batches 
v
response.  The Virtual bench DSA software provided with the system automatically 
calculates the Fast Fourier Transform.   
  An example of the results is presented in Fig.
as the ratio of the area under the Lorentzian model curve to the area of the peak in the data. A 
decreasing value of this ratio indicates an increasing mismatch.  
  In implementing this analysis, it was found necessary to add
for the system actually calculates the power spectrum, which is the square of the real part of  
the Fourier transform.  Therefore, the function used for the model is actually the Lorentzian 
squared.  In order to preserve the correct shape of the curve when it is scaled vertically to the 
peak height of the data, it is also necessary to scale the width by the same factor.  Therefore 
the scaled width Γd is given by: 
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es of concrete.    
where Γo is the width for the Lorentzian model of the undamaged concrete, Uo is the peak 
height for the undamaged concrete, and Ud is the peak height for the damaged concrete.  
Finally, it was necessary to subtract a baseline to eliminate background noise. 
  It can be seen that there is a generally decreasing trend for both batch
There is considerable overlap between the batches.  As a guide for the eye the data have been 
fit with exponential decay functions.  The control batch appears to decrease somewhat more 
slowly than the high potassium batch.  There is significant scatter in the data.  Perhaps this 
can be reduced by repeated measurements with signal averaging.  Finally, the ratios decrease NDTCE’09, Non-Destructive Testing in Civil Engineering 
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to values of 0.3 or less.  This implies that the linear Q-factor approach would produce a very 
approximation of the peak. 
Concerning the second harmonic approach, it was difficult to find a peak consistently. The 
amplitude of second harmonic is typically much smaller than the fundamental and may be 
difficult to detect without special filters[10].  Much more prominent peaks in the spectrum 
can sometimes be observed. These are due to microcracks acting as mixers of different 
resonant frequency modes.   
  A full discussion of data from the laboratory study is beyond the scope of this paper.  
The analysis of the data is continuing and will be presented in a subsequent publication.   
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